ABSTRACT: Simultaneous transmission infrared (IR) absorption and photoluminescence (PL) spectroscopies are used to reveal the correlation of free electron and defect densities during the stepwise annealing of ZnO nanocrystals in high vacuum. For increasing annealing temperatures between 700 and 1000 K, the free electron density increases with a negligible increase in PL yield. With increased annealing temperature above 1000 K, the free electron density decreases and the PL yield increases in inverse proportion. Accompanying the free electron loss are indications of increased bound charges and changes in the multiphonon bands in the infrared spectrum, which collectively suggest that structural change and defect formation accompanies the loss of free electrons and the increase in PL. Exposure of the previously annealed sample to electron (O 2 ) and hole (MeOH) scavengers shows that the buildup of holes quenches visible emission, while additional electrons have a marginal effect on the PL yield. Given that certain neutral donors bind excitons and facilitate energy transfer to visible emitting sites, the buildup of free holes appears to quench PL intensity by ionizing those neutral donors.
■ INTRODUCTION
The complex vacancy-and interstitial-related visible photoluminescence in ZnO has been actively explored for practical device applications such as low-cost, low-toxicity, visible wavelength phosphors.
1,2 Although near-UV band edge emission is dominant in highly ordered crystals, annealing or other defect creation methods lead to efficient green emission (∼2.4 eV). 3 Previously, the visible emission was attributed to substitution of copper for zinc 4−6 (Cu Zn ), oxygen, 7−12 or zinc 13−16 vacancies (V O , V Zn ), oxygen 17 or zinc interstitials 18, 19 (O i , Zn i ), or antisites of oxygen and zinc 20 (O Zn ). Initially copper substitution was considered the dominant mechanism, often from unintentional doping. 5, 6 Further studies revealed that intrinsic defects could create centers for visible PL. Early evidence suggested that the creation of singly ionized oxygen vacancies (V O − ) and an increase in free charges correlated with an increase in visible PL. 7−9 However, the EPR assignment of g = 1.956 for the singly ionized oxygen vacancy was questioned, and the method used to detect free charges by changes in band edge absorption may not be reliable. 1, 11, 12 Later, optically detected magnetic resonance measurements also suggested that oxygen vacancies were the origin of PL increase, but oxygen vacancies were assigned to a different EPR resonance, and an anticorrelation between the g = 1.956 signal and PL intensity was found. 11 Recent studies in which ZnO samples were annealed in both oxygen-and zinc-rich environments have established that both V O and V Zn lead to increased defect emission, but the origin of this emission is still debated. 17,21−23 In this work we demonstrate that simultaneous IR absorption and visible emission spectroscopies can be used to investigate the correlation of carrier density and PL in high vacuum annealed ZnO nanocrystals. Free carrier densities have previously been shown to correlate with both increases 7−9 and decreases 17 in PL efficiency. In ZnO and other reducible metal oxides, it is well-known that the introduction of electrons into states at or near the conduction band generates absorption in the IR, which increases exponentially toward lower wavenumber. 24−28 In this study we use this characteristic IR absorption feature as a proxy for free carrier density to establish the role of free electrons in ZnO visible PL. IR spectra also include other information that can be used to gain an understanding of annealing related changes. In the 700−1100 cm −1 range, phonon overtone and combination bands are observed, and changes to these bands indicate lattice distortion. 29−31 Additionally, the appearance of a broad absorbance in the higher wavenumber range (>2000 cm −1 ) at high temperatures is an indication of an increase in neutral donor concentration. 32−34 PL experiments on the annealed samples, including exposure to hole and electron scavengers, indicate that the buildup of free holes quenches visible emission. This supports recent findings which showed that visible PL in annealed ZnO is mediated by neutral donor sites which bind excitons. 35 While a precise mechanism has not been elucidated, it was found that the commonly labeled I 3a neutral donor bound exciton (DBE) facilitates energy transfer to deep gap states that emit in the visible region as shown in Figure 1 . In this context we suggest that quenching of visible PL is the result of free holes ionizing the neutral donors responsible for mediating visible emission.
■ EXPERIMENTAL SECTION
Nanocrystalline ZnO (Alfa Aesar 99.99%, 300 nm mean particle size) was pressed into a tungsten grid to create a supported pellet with a diameter of 7 mm and thickness of 0.05 mm. During annealing the nanoparticles are expected to agglomerate into particles of around 2 μm based on previous experiments using similar annealing conditions. 22, 35 As described previously, the tungsten grid was clamped onto two copper bars attached to the copper wires of a vacuum feedthrough at the base of a dewar used to hold liquid nitrogen or acetone/dry ice for cooling. 36 Heating was supplied to the sample by passing a current through the tungsten grid. The temperature was sensed by a K-type thermocouple spot-welded to the grid, and temperature was controlled by the a home-built proportional-integral-derivative (PID) controller, which maintained the temperature within 1 K and was programmed to the ramp the temperature at 4 K/s during temperature changes. 37 The sample was placed into a vacuum system with a base pressure of 7 × 10 −10 Torr and heated for 2 h at 700 K under 2 Torr of oxygen to remove any water, hydroxyl, or organic contaminants, and the disappearance of these contaminants was monitored in the IR with the full IR spectrum of the cleaned sample shown in Supporting Information S1. The sample holder was positioned at 45°to both IR and UV excitation sources so that transmission IR and photoluminescence spectra could be collected simultaneously. Differentially pumped KBr windows in the vacuum cell allowed the transmission of IR light, and IR spectra were collected using a PerkinElmer Spectrum 100 with a liquid nitrogen cooled MCT detector. IR spectra were all collected with 128 repeated scans with a resolution of 4 cm
. A glass window allowed excitation and collection of PL light using two optical fibers with collimating lenses at the sampling end. The PL excitation source was a 365 nm LED (LED Engin) whose emission was passed through a 10 nm band-pass filter to limit the excitation bandwidth. Emitted light was analyzed using a Silver Nova dispersive spectrograph (Stellar Net) with a 405 nm long pass filter to remove excitation light. 250 PL exposures of 250 ms were averaged for each scan.
■ RESULTS AND DISCUSSION
Sequential Annealing of ZnO. Vacuum annealing of ZnO was performed in 20 K steps from 700 to 1240 K, with the temperature maintained at each step for 10 min, and then returned to 300 K where simultaneous IR and PL spectra were collected. Figure 2A shows the full PL spectra after annealing at several temperatures. The integrated intensity (400−700 nm) of the PL spectra after each annealing cycle is plotted in Figure  2C . Figure 2B displays IR absorbance difference spectra: IR spectra subtracted from a reference recorded at 300 K before the annealing experiment began but after cleaning the sample in oxygen at 700 K.
After annealing steps from 700 to 1000 K the PL intensity is relatively unchanged, at first falling slowly, which may be explained by the initial healing of defects, and then rising slightly. In the same temperature range, a strong increase in IR absorption is observed. The increased absorption rises with a power law dependence toward low wavenumber and is assigned to an increase in the free electron density based on this band shape. 32, 38 The absorbance can be characterized by a simple The Journal of Physical Chemistry C Article electromagnetic model that takes into account the effective mass of the electron using
where S is a scaling factor, ṽis the frequency in wavenumbers, and the exponent p is characteristic of the effective mass of the electron. An exponent of 1.75 suggests scattering from acoustic phonons in agreement with other polar metal oxide semiconductors with low trap densities. 38, 39 The data were fit using eq 1 between 2000 and 640 cm −1 and extrapolated to larger wavenumbers (Figure 3) , revealing a second peak around 2800 cm −1 which has previously been identified as an indication of neutral donors. 32−34 A similar free electron signal is noted for ZnO and several other reducible metal oxides. [24] [25] [26] 32, 40 An increase in the free electron signal in the IR and in conductivity measurements during thermal annealing is often attributed to the loss of neutral oxygen, creating ionized vacancies or Zn interstitials. 41−43 Some theoretical studies with experimental corroboration suggest that oxygen vacancies in ZnO should generate deep levels around 0.7−1.0 eV below the bottom of conduction band and should not be responsible for free carrier generation. 44, 45 Though the source of shallow donors remains unresolved in the literature, in our high vacuum annealing experiments it is unlikely that a significant number of extrinsic donors are incorporated. We therefore suggest that shallow V O donors are responsible for increased free electron concentration, but we cannot completely rule out unintentional doping with contaminants such as hydrogen. In any case, the key result is that the increase in the free electron signal corresponds to only a negligible increase in PL. 7−9 At annealing temperatures above 1000 K, the free electron signal begins to decrease sharply, and a simultaneous increase in the PL intensity is observed. As seen in Figure 4 , there is a clear inverse correlation between free electron density and PL intensity. The PL band shape during annealing slightly blueshifts as the number of oxygen vacancies increases, as shown in the Supporting Information (S2). 22 The decrease of the free electron signal may be caused by damage to the Zn or O sublattice that generates an increased number of deep defect sites for electrons to reside, resulting in electron localization, reduced IR absorption, and an increased number of sites that can produce visible emission. 17 Additional indications for lattice damage and deep defect sites are observed in the IR spectra with new positive peaks appearing in the multiphonon region of the IR spectra at annealing temperatures near 950 K, as shown in Figure 2B (for reference, compare with Figure S1 which shows the multiphonon peaks before annealing). These features are likely to be associated with changes in the ZnO lattice. The combination of two effectsnew peaks appearing around the same annealing temperatures as the free electron signal begins to decrease suggests that damage to the lattice may create defect sites that are occupied by previously free electrons. Evidence for additional deep gap sites is also observed in the IR spectra with a broad increase in absorbance toward higher wavenumbers at higher annealing temperatures. Specifically, a broad peak absorbance in the 2000−4000 cm −1 range increases at higher temperatures (>1000 K, Figure 2B ), which has previously been associated with the presence of un-ionized donors in ZnO.
32−34
Dosing of Hole and Electron Scavengers. Shallow penetration depths of UV light in ZnO and the high surface area of microcrystalline particles make the properties of the surface important for understanding emission. The transfer and extraction of holes and electrons at the surface can be controlled by choosing adsorbates that can be oxidized or reduced at potentials of the free and trapped holes and electrons in ZnO. In the hole and electron scavenger experiments, the sample previously annealed up to 1240 K was cooled to 100 K or held at 300 K, and simultaneous PL and IR scans were taken. The lower temperature experiment shows enhanced charge trapping and a greater response to charge scavengers caused by lower charge mobility. Additionally, MeOH is physisorbed onto UV-exposed ZnO at 100 K, while at 300 K a chemisorbed layer of decomposed methanol is formed (Supporting Information S3). We present the 100 K experimental results here and report the 300 K results in the Supporting Information (S4). Importantly, the direction of IR absorption and PL intensity change are the same at both temperatures, and only the magnitude is reduced at 300 K, so the same mechanisms operate at both temperatures. The integrated visible PL intensity (400−700 nm) and the IR absorbance at 1760 cm −1 during UV and gas exposure at 100 K are shown in Figure 5 . The choice of 1760 cm −1 was made to avoid vibrational absorbance from methanol (full spectra shown in Supporting Information S5). The Journal of Physical Chemistry C
Article
In vacuum the PL intensity decreases exponentially with a time constant of approximately 400 s and approaches a final value just below 80% of the initial PL intensity (see Supporting Information S6). At the same time the free electron signal in the IR increases and saturates around 0.01 absorbance units at 1760 cm −1 . The loss of visible PL intensity during UV exposure is likely caused by a buildup of trapped charges that cause a shift to UV emission or nonradiative decay.
46−48
To understand how the buildup of holes and electrons affects the visible emission in the stepwise-annealed samples of ZnO, we exposed the sample to electron (O 2 ) and hole (MeOH) scavengers and observed the effect of exposure on both the IR absorption and PL yield. For both gases the same conditions were used, with a background pressure of 5 × 10 −4 Torr supplied to the chamber for a period of 5 min, indicated by the second vertical dashed line in Figure 5 . Upon exposure to oxygen, a small decrease in the PL intensity is noted, and a relatively large IR absorbance decrease of 0.04 is observed in the free electron region. This result confirms that the IR absorption signal derives from the free electron density. During exposure to methanol, the PL intensity rises sharply along with a simultaneous but modest increase in the free electron IR signal.
Next, the full pressure in the gas line was released to the chamber, represented by the third dashed line in Figure 5 . This gave a pressure of 2.4 Torr for O 2 and 0.2 Torr for MeOH, although the latter pressure decreased quickly to less than 1 mTorr as MeOH cryo-trapped onto the liquid nitrogen dewar used to cool the sample. After the high pressure dose of O 2 , an additional decrease of the free electron signal was noted, but no significant effect was noted in the PL spectrum. In the case of MeOH, the high pressure dose again sharply increased the PL intensity, reaching an intensity higher than the initial value, while the free electron IR signal increased modestly. In all cases, the band shape of visible PL was unaffected during changes in intensity caused by UV exposure or scavenger dosing, suggesting the emitting state is unchanged (Supporting Information S7).
Previous research on freshly prepared, unannealed nanoparticles in suspensions of alkoxy solvent have exhibited the opposite effect to that observed here. 46, 49, 50 In those reports, the efficiency of visible PL from alkoxy suspended nanoparticles was reduced during exposure to UV light as the solution was deoxygenated, and PL was restored when oxygen was admitted to the solution. To explain why visible PL is quenched by hole scavengers in these unannealed nanoparticles, it was proposed that deeply trapped holes mediate visible emission by recombining with donor electrons in shallow traps. However, in our annealed micron-sized powders, visible PL increases when exposed to hole scavengers. To understand this apparent contradiction, we note that recent work using vacuum annealed powders has shown that donor bound excitons (DBEs) are important for the transfer of energy from band gap states to the deep-trapped states responsible for visible PL. 35 Using measured PL frequencies and deduced binding energies, two DBEs that facilitated energy transfer to the deep trapped state Figure 5 . Top: integrated PL intensity during UV and gas exposure normalized to the first scan. Bottom: change in absorbance at 1760 cm −1 during UV and gas exposure. In both graphs, the black line represents the MeOH-exposed sample and red line represents the O 2 -exposed sample. The vertical dashed lines show timing of labeled events. The Journal of Physical Chemistry C Article were identified, commonly labeled I 9 and I 3a , 35, 51, 52 both of which are associated with neutral donors.
We therefore suggest that the visible PL intensity decrease during UV exposure is a result of free holes ionizing the I 9 and I 3a neutral donors at sites created by the annealing process, thereby eliminating the efficient path previously identified for the generation of visible emission. This process is shown schematically in Figure 6A −D. Part A shows above band gap excitation and visible PL mediated by the neutral DBE. Part B shows the suggested mechanism for the loss of visible PL during UV exposure: reaction of photogenerated free holes with neutral donors. In part C, the recovery of visible PL and increase in free electron concentration during MeOH exposure is illustrated, and in part D the further loss of visible PL and the loss of free electron density during O 2 exposure is shown.
Evidence for this model comes from both annealing and scavenger dosing experiments. From the scavenger dosing data, outlined in Figure 5 and shown schematically in Figure 6C ,D, it is seen that visible PL is very sensitive to the hole concentration, which is noted by the sharp increase of PL during the dosing of hole scavenging MeOH, accompanied by a minor increase in the free electron signal in the IR. Conversely, the PL is relatively insensitive to the concentration of free electrons, as seen by the minor decrease of PL signal during O 2 dosing accompanied by a large loss of the free electron signal. During annealing above 1000 K we note that increased PL intensity accompanies a loss of the free electron signal in the IR. This is likely caused by neutral donor site creation where previously free electrons were captured. 53 Further evidence for the creation of neutral donors comes from the increased absorbance in the higher wavenumber region, as seen in Figures  2b and 3 , which has been previously associated with the creation of neutral donors.
32−34
■ CONCLUSIONS Simultaneous IR and PL spectroscopies are used to explore the role free carriers and neutral donors play in producing visible emission during stepwise annealing of ZnO nanocrystals. High temperature (>1000 K) annealing studies indicate that increases in visible PL emission intensity correlate with a decrease in free electron concentration. Exposure of the annealed sample to a hole scavenger enhances PL lost during UV irradiation in vacuum, suggesting that a buildup of free holes quenches fluorescence. Previous experiments showed that neutral DBEs facilitate energy transfer to visible light-emitting deep-trap states in annealed powders; therefore, we hypothesize that this quenching is an indication that neutral DBEs are ionized by free holes. Consequently, passivation of free holes should increase the efficiency of visible emission, perhaps to the point that annealed ZnO may be used as a viable alternate visible light phosphor.
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